Context and objective: High-mobility group box-1 (HMGB1) is a pro-inflammatory cytokine that may contribute to the pathogenesis of micro-and macrovascular complications commonly observed in diabetes. We investigated whether HMGB1 is associated with: i) markers of low-grade inflammation (LGI) and endothelial dysfunction (ED) and pulse pressure (PP, a marker of arterial stiffness); ii) prevalent nephropathy, retinopathy and cardiovascular disease (CVD) in type 1 diabetes; and iii) the potential mediating roles of LGI, ED and PP therein. Design and methods: This was a cross-sectional nested case-control study of 463 patients (226 women; mean age 40G10 years) with type 1 diabetes from the EURODIAB Prospective Complications Study. We used linear and binary or multinomial logistic regression analyses adjusted for traditional risk factors. Results: Serum Ln-HMGB1 levels were positively associated with LGI and ED (standardised bZ0.07 (95% confidence interval (CI): 0.02-0.12) and bZ0.08 (95% CI: 0.02-0.14) respectively), but not with PP. Higher Ln-HMGB1 (per unit) was associated with greater odds of micro-and macroalbuminuria: odds ratio (OR)Z1.24 (95% CI: 0.90-1.71) and ORZ1.61 (95% CI: 1.15-2.25) respectively, P for trendZ0.004. Further adjustments for LGI or ED did not attenuate these associations. No such associations were found between Ln-HMGB1 and estimated glomerular filtration rate (eGFR), retinopathy or CVD, however. Conclusions: In type 1 diabetes, higher serum HMGB1 levels are associated with greater prevalence and severity of albuminuria, though not with eGFR, retinopathy and CVD. Prospective studies are needed to clarify the causal role of HMGB1, if any, in the pathogenesis of vascular complications in type 1 diabetes.
Introduction
The pathophysiological mechanisms that could link hyperglycaemia in the development of micro-and macrovascular complications in patients with diabetes mellitus (DM) are still unclear. One of the proposed mechanisms involves advanced glycation end products (AGEs) and the receptor for AGEs (RAGE) (1, 2, 3, 4) . Besides AGEs, RAGE can also be activated by other ligands such as high-mobility group box-1 (HMGB1) (5) .
HMGB1 is a multifunctional nuclear DNA-binding protein that facilitates gene transcription (6) . Extracellular HMGB1 released from necrotic cells (7) as well as from immune cells upon inflammatory stimuli (8) functions as a pro-inflammatory cytokine, which elicits pro-inflammatory responses from macrophages (9) and endothelial cells (10) . Extracellular HMGB1, however, can also initiate tissue repair (11) and promote angiogenesis in animal models (12) . In addition, HMGB1 functions as a chemotactic agent for endothelial precursor cells (13) and smooth muscle cells (14) . Extracellular effects of HMGB1 are mediated not only by its binding to RAGE, but also, at least in part, by its binding to the receptors of the toll-like receptor family (15) . The mechanisms behind the balance between the detrimental and the beneficial actions of HMGB1, and whether these actions might be receptor specific, are still unclear.
Owing mainly to its pro-inflammatory function, it has been suggested that HMGB1 may be involved in the development of vascular disease (16) . In this line, higher serum HMGB1 levels have been reported in individuals with coronary heart disease (17, 18) or heart failure (19) compared with those without these diseases. Inflammation is involved in the development of diabetic nephropathy (20) , and in this line, a recent study showed that HMGB1 may play a role in the development of diabetic nephropathy in rats (21) .
Whether HMGB1 levels are associated with the presence and severity of nephropathy, retinopathy and cardiovascular disease (CVD) in patients with type 1 diabetes, and the potential roles of low-grade inflammation (LGI), endothelial dysfunction (ED) and arterial stiffness therein have never been investigated, however. We have, therefore, addressed these issues in a large group of patients with type 1 diabetes in the EURODIAB Prospective Complications Study (PCS).
Subjects and methods

Subjects and study design
We used data from the EURODIAB PCS, which is a follow-up of the EURODIAB insulin-dependent DM complications study that has been described in detail elsewhere (22, 23, 24) . Briefly, baseline investigations were performed between 1989 and 1991 on 3250 patients with type 1 diabetes. All patients gave informed consent and the study was approved by the Local Ethics Committees. Of the 3250 included patients, 1880 (57.8%) returned for follow-up examination on average 7-9 years after the baseline examinations. At follow-up, a cross-sectional nested case-control study of markers of LGI and ED, and their associations with complications was performed in a subset of patients (nZ543). Cases were selected as those with greatest vascular complication burden as possible (nZ348) and controls were selected as those who were completely free of any complications (i.e. with no evidence of CVD, albuminuria and retinopathy; nZ195). The present crosssectional nested case-control study (2, 25, 26, 27, 28, 29, 30, 31) includes 463 of the subjects whose complete data on serum levels of HMGB1 and other covariates of interest were available.
Biomarkers
Serum HMGB1 levels were measured in duplicate with a commercially available ELISA kit (Shino-Test Corporation, Tokyo, Japan) and the intra-and inter-assay coefficients of variation (CV) were 2.7 and 7.6% respectively. Soluble vascular cell adhesion molecule-1 (sVCAM-1) and soluble E-selectin (sE-selectin) were measured in duplicate by sandwich enzyme immunoassays (R&D Systems, Oxon, UK). The intra-and inter-assay CV for sVCAM-1 were 4.0 and 9.1%, respectively, and for sE-selectin were 2.1 and 3.1% respectively (2, 26) .
Total transforming growth factor b1 (TGFb1) was measured by an ELISA development system (R&D Systems) and the intra-and inter-assay CV were 5.0 and 7.0% respectively (27) . Plasma levels of C-reactive protein (CRP) were measured by a highly sensitive in-house ELISA, and plasma levels of interleukin 6 (IL6) and tumour necrosis factor a (TNFa) were measured using commercially available ELISA kits (R&D Systems). The intra-and inter-assay CV for CRP, IL6 and TNFa were 3.9 and 8.7%, 4.5 and 9.0%, and 7.3 and 8.5% respectively (2, 26) .
Other risk factors
Blood pressure was measured twice in a seated position using a random zero sphygmomanometer (Hawskley, Lancing, UK), and appropriate cuff size, after the patients had rested for 5 min, and the mean of the two readings were used in the analyses (32) . Mean arterial pressure (MAP) was calculated as (systolic blood pressureC(2!diastolic blood pressure))/3. Pulse pressure (PP) was calculated by subtracting the diastolic from the systolic blood pressure and was used as a marker of arterial stiffness (32, 33) . Smoking habits were ascertained by questionnaire and the subjects were categorised as 'non', 'moderate' and 'heavy smokers', according to their levels of pack years smoked (none, below or above the sex-specific median respectively) (2). Weight and height were measured with indoor clothing without shoes and body mass index (BMI) was calculated. Fasting cholesterol and triglyceride levels were measured by enzymatic colorimetric tests (34) . HbA1c was measured by a latex-enhanced turbidimetric immunoassay (Roche Products). The reference range for this assay was 4.2-6.2%.
Main outcomes
Albumin excretion rates were measured from duplicate 24-h urine collections and micro-and macroalbuminuria were defined as an albumin excretion rate between 20 and 200 mg/min and above 200 mg/min respectively (22) . Glomerular filtration rate (GFR) was estimated by the Cockcroft-Gault formula (35) and with the short modified diet in renal disease equation (36) . Retinopathy was assessed from retinal photographs according to the EURODIAB protocol. Accordingly, non-proliferative retinopathy was defined as the presence of one or more micro-aneurysms, haemorrhages and/or hard exudates. Proliferative retinopathy was defined as any new vessels, fibrous proliferations, pre-retinal haemorrhage, vitreous haemorrhage or photocoagulation scars (37) .
CVD was defined as a positive medical history of a cardiovascular event, including myocardial infarction, angina, coronary artery bypass graft and/or stroke, and/or ischaemic changes on a centrally Minnesotacoded electrocardiogram (38) .
Statistical analyses
All analyses were performed using the Statistical Package for Social Sciences (SPSS) version 15.0 for Windows (SPSS, Inc., Chicago, IL, USA). Variables with a skewed distribution (i.e. HMGB1, triglycerides, CRP, IL6, TNFa and TGFb1) were log e transformed before further analyses. Comparisons of characteristics between the subjects with and without vascular complications were made using Student's t-test or c 2 test, as appropriate. In these analyses, cases were all those subjects with any vascular complication (nZ289); controls were all those without any vascular complication (nZ174).
Plasma markers of LGI were converted into an overall LGI score by averaging the Z-scores of Ln-CRP, Ln-IL6, Ln-TNFa and Ln-TGFb1; similarly, plasma markers of ED were converted into an overall ED score by averaging the Z-scores of sVCAM-1 and sE-selectin (2, 3, 4, 26).
The Z-score represents the distance between an individual's biomarker score from the population's total mean in units of the population's S.D., and is thus a common transformation that enables the combination of several markers originally expressed in different units. The two scores thus obtained represent a more robust measure of the individual's levels of LGI and ED and have the advantage of reducing the influence of the biological variability expected when LGI or ED is characterised based on the levels of each biomarker separately, since these were only measured once.
Linear regression analyses were used to examine the extent to which Ln-HMGB1 was associated with each of the biomarkers of LGI and ED, as well as their overall scores, and PP. We reported standardised regression coefficients (95% confidence interval (CI)) to allow comparison of the strength of the associations. These analyses were adjusted first for age, sex, duration of DM, case-control status, and conventional risk factors such as HbA1c, BMI, total cholesterol, MAP and smoking; secondly, for the use of antihypertensive medication; and thirdly, for estimated GFR (eGFR) estimated by Cockcroft-Gault formula.
We used multinomial logistic regression analyses to examine the associations between Ln-HMGB1 and the presence and severity of albuminuria as well as retinopathy, and binary logistic regression analyses to investigate the associations between Ln-HMGB1 and prevalent CVD. These analyses were adjusted for the conventional CVD risk factors as listed above and use of antihypertensive medication and eGFR as described above, to ascertain independence from these factors. We further adjusted these associations for LGI and ED scores and PP to ascertain the extent to which these mechanisms could explain (i.e. mediate) a portion of the associations found, in which case the effect sizes (odds ratio (OR)) would be appreciably attenuated.
Results Table 1 shows the characteristics of the patients with any vascular complications vs those without. Overall, individuals with vascular complications had a more adverse atherosclerotic risk profile as illustrated by more unfavourable levels of conventional risk factors, LGI, ED, PP and eGFR. After adjustments for age, sex, HbA1c, duration of diabetes, case-control status, BMI, total cholesterol, MAP and smoking were made, serum Ln-HMGB1 levels were positively associated with LGI and ED scores (standardised regression coefficient bZ0.07 (95% CI: 0.02-0.12) and bZ0.08 (95% CI: 0.02-0.14) respectively), but not with PP (Table 2 , model 1). Further adjustments made for antihypertensive medication and eGFR did not attenuate these positive associations ( Table 2 , models 2 and 3). Serum Ln-HMGB1 levels were not associated with eGFR, however.
After adjustments for conventional risk factors were made, Ln-HMGB1 levels were associated with greater odds for micro-and macroalbuminuria: ORZ1.23 (95% CI: 0.90-1.70) and ORZ1.61 (95% CI: 1.15-2.26), respectively, P for trendZ0.004, per unit higher Ln-HMGB1 (Table 3 , model 3; Fig. 1 ). When albuminuria was analysed as a continuous outcome, each unit increase in Ln-MHGB1 was associated with 3.9 mg/min (95% CI: 0.3-7.9) in albuminuria (PZ0.030). No such associations were found between Ln-HMGB1 levels and prevalent CVD (ORZ0.86 (95% CI: 0.66-1.12)) or retinopathy (ORZ0.94 (95% CI: 0.70-1.26) and ORZ 0.90 (95% CI: 0.64-1.26) for prevalent non-proliferative and proliferative retinopathy respectively), however.
Despite the positive associations between Ln-HMGB1 and circulating biomarkers of LGI as well as ED, the associations between HMGB1 and micro-and macroalbuminuria were not appreciably attenuated when these were further adjusted for the LGI score (model 4 vs model 3) or the ED score (model 5 vs model 3).
In additional analyses, we also examined whether the associations between HMGB1 with the presence and severity of nephropathy, retinopathy and CVD differed by the levels of patients' renal filtration, but found no significant effect-modification by eGFR, in any of our analyses (data not shown).
Discussion
The main finding of this study is that among individuals with type 1 diabetes, serum HMGB1 levels are positively associated with the presence and severity of albuminuria, though not with eGFR, retinopathy and CVD. In addition, HMGB1 levels were positively associated with markers of LGI and ED, but these did not explain the association of HMGB1 with albuminuria. This is the first study to investigate the associations between HMGB1 Table 2 Associations between serum levels of HMGB1 and markers of inflammation and ED, PP and eGFR (nZ463). and micro-and macrovascular complications as well as markers of LGI and ED in patients with type 1 diabetes. The positive association between HMGB1 and albuminuria observed in this study is supported by the findings in previous studies on rats, in which higher kidney HMGB1 levels were associated with the presence and severity of diabetic nephropathy (39) . In addition, it has been reported that higher HMGB1 expression was found in the cytoplasm than in the nuclei of renal tissues in diabetic rats compared with mainly nucleic HMGB1 expression in renal tissues in control rats (21) . The latter study has also reported higher RAGE expression and nuclear factor kB (NFkB) activity, suggesting a pathogenic role of HMGB1 in the development of renal injury in diabetic rats through RAGE and activation of NFkB (21) . However, we have measured serum HMGB1 only and it is unknown how serum levels relate to tissue levels. Extracellular HMGB1 may activate NFkB and initiate and amplify the upregulation of pro-inflammatory cytokines and adhesion molecules by binding to RAGE (5) or toll-like receptors (15, 16) , and subsequently lead to increased risk for albuminuria.
Both HMGB1 (5) and AGEs (40) have been shown to be ligands of RAGE. Ligation of RAGE leads, via various intracellular signalling pathways, to the activation of transcription factor NFkB, which may alter gene transcription and could lead to the upregulation of pro-inflammatory cytokines and adhesion molecules, processes that may play a role in the pathogenesis of vascular complications in type 1 diabetes. Both serum HMGB1 and sRAGE (2) levels were positively associated with the presence and severity of albuminuria in patients with type 1 diabetes. However, in this study, we could not find an association between serum HMGB1 levels and the presence of CVD, while in our previous studies we have shown that both sRAGE (3), as a reflection of RAGE, and AGEs (4), were positively associated with incident CVD. This suggests that although HMGB1, AGEs and (s)RAGE are interrelated, they may not contribute to the same pathways that underlie the pathogenesis of micro-and macrovascular complications. This may, at least in part, be explained by the various different receptors for both HMGB1 (15) and AGEs (41) , and by the fact that beside HMGB1 and AGEs, many other ligands exist for RAGE (42) .
The adverse association between higher levels of HMGB1 and the presence and severity of albuminuria was not appreciably explained by HMGB1-related LGI and/or ED, as estimated by the circulating biomarkers investigated herein. No association was found between HMGB1 and PP; therefore, this marker of arterial stiffness also could not explain any association between HMGB1 and albuminuria. These findings suggest that HMGB1, LGI, ED and PP may all constitute different and independent pathways leading to albuminuria in type 1 diabetes. Indeed, this is supported by the observations that both higher LGI and ED scores were independent of Table 3 Associations between serum levels of HMGB1 and micro-and macroalbuminuria, retinopathy and CVD (nZ463).
Micro-albuminuria The lack of an association between serum levels of HMGB1 and CVD observed in this study is in contrast to the positive associations that have been reported between serum levels of HMGB1 and coronary artery disease as well as heart failure in three previous studies, all of which were conducted in patients with type 2 diabetes (17, 18, 19) . In view of the strong associations observed between HMGB1 and LGI, ED as well as albuminuria, all of which are strong correlates of CVD, the lack of associations between HMGB1 and CVD as well as retinopathy is difficult to conciliate. We cannot discard the possibility that a type II error may have occurred and that we thus did not find an association between HMGB1 and prevalent CVD due to the play of chance. Further studies, preferably prospective, are needed to establish these associations more definitely. Indeed, the fact that we examined the associations in the context of a cross-sectional nested case-control study is also a limitation to our study, and any inferences about causality should thus be made with caution. Since there are no longitudinal data of this type in large groups of type 1 diabetes at this time, the present cross-sectional study may serve as a reasonable starting point to further explore these associations. In addition, we defined presence of CVD as a positive medical history of a cardiovascular event and, as such, may have missed subclinical cardiovascular complications. Use of statins, which could inhibit HMGB1 levels, was not accounted for in our study; these data were not retrieved given its rare prescription to patients with type 1 diabetes at the time this case-control study was done. Altogether, these limitations may have led to a dilution of the associations investigated herein. Finally, our findings were confined to individuals with type 1 diabetes and therefore may not be directly extrapolated to non-diabetic populations.
In conclusion, higher serum levels of HMGB1 are cross-sectionally associated with a higher prevalence of micro-and macroalbuminuria, but seemingly not with eGFR, retinopathy and CVD, in patients with type 1 diabetes. Further prospective studies are needed to further clarify the causal role of HMGB1, if any, in the pathophysiology of micro-and macrovascular complications in type 1 diabetes.
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